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Introduction
Classical antibody-based strategies to determine protein interactions have long been hampered by the fact that most binders exhibit unspecific binding. Immunoprecipitations -the most widely used method -not only suffer from non-specific binding due to compromised selectivity and specificity of the immunoglobulin, but also from non-specific binding to the carrier beads. Due to this lack of specificity, a large proportion of reported protein interactions in the literature as well as in databases gathering interaction data are likely to be compromised by false positives.
Furthermore, despite great advancements in sensitivity and accuracy of mass spectrometers and peptide separation techniques, mass spectrometry-based identifications usually fail to detect low abundance members of protein complexes, medium affinity or transient binders. Several methods have tackled these problems. Tandem affinity purification (TAP) has resulted in an unprecedented specificity, concerning protein interaction data (1, 2). Yet this method is limited by the fact that recombinant expression of a TAP-fusion protein is required and additionally hampered by the risk that exogenous expression of the bait protein of interest may result in an artificial change of stoichiometries.
To circumvent these drawbacks, Selbach and Mann developed a quantitative immunoprecipitation, combined with RNAi (QUICK), using stable isotope labeling with amino acids in cell culture (SILAC) to gain improved selectivity (3) (4) (5) . The main advantage of QUICK is that endogenous protein stoichiometries are the basis for immunoprecipitation, for the first time allowing one to accurately monitor protein interactions at endogenous protein concentrations from living cells and discriminate true positive from false positive interactions. Yet this method requires metabolic isotope labeling of whole organisms or reference cells, as described for SuperSILAC, to allow comparative analysis of two protein sets (6) . Metabolic labeling, especially when applied to living organisms, requires feeding them with isotopic food (7) (8) (9) . The procedure of labeling living animals or plants metabolically is time-consuming (1-2 generations for ~93% labeled proteins) and also connected to high financial expenses (8) . Due to these constraints, [4] larger organisms like pigs, cows as well as humans are not amenable to metabolic labeling and therefore, their tissue is not experimentally accessible in this way. The use of reference cell-line derived material bears the limitation that tissue-specific proteins that are not expressed in the reference material will not be detected at all.
To overcome these limitations and attempt quantitative analysis of protein complexes from primary tissues that cannot be metabolically labeled we combined IP, isotope coded protein [5]
Experimental Procedures
Cell culture -HEK293T cells were cultured as described previously (11) . For SILAC experiments, HEK293T cells were grown in SILAC DMEM (PAA) supplemented with 3 mM LGlutamine (PAA), 10% dialyzed fetal bovine serum (PAA), 0.55 mM lysine, 0.4 mM arginine, 50 units/ml Penicillin and 0.05 mg/ml Streptomycin. Light SILAC medium was supplemented with N 4 arginine. Proline (0.5 mM) was added to all SILAC media to prevent arginine to proline conversion (12) . All amino acids were purchased from Silantes.
Retina preparation -Bovine eyes were obtained from a local slaughterhouse. The retinae were dissected and stored in cold isolation medium (20% (w/v) sucrose, 20 mM Hepes-HCl pH 7.2, 2 mM MgCl 2 , 130 mM NaCl). For dark-adapted retinae, bovine eyes were kept in CO 2 -independent medium (Life Technologies) in the dark on ice for 3 h until dissection. Subsequently retinae were transferred to clear or black 1.5 ml Eppendorf tubes, frozen in liquid nitrogen and stored at -80 °C until further use. All further preparations and experiments with dark-adapted retinae/rod outer segments (ROS) were carried out under dim red light.
Isolation of photoreceptor rod outer segments (ROS)
-ROS were isolated from bovine retinae according a modified protocol from Schmitt et al. (13) . Briefly, frozen retinae were thawed on ice.
Three retinae were added to 8 ml of 50% sucrose in HBS (115 mM NaCl, 2 mM KCl, 2 mM MgCl 2 , 10 mM HEPES, pH 7), vortexed for 30 seconds and left on ice for 10 min. The mixture was transferred to an ultracentrifugation tube and 1 ml of HBS was added to the top. After centrifugation for 30 min at 50,000xg the "pellet" was taken from the interphase between 50% sucrose and 1 ml HBS and transferred to a new 15 ml falcon tube, washed once with HBSS (PAA) for 5 min at 2,000xg. The pellet was collected in 1 ml of HBS and transferred on the top of a discontinuous sucrose gradient (25%, 30%, 35%, 40%, 45% in HBS). Subsequent to centrifugation (1 h, 50,000xg) purified ROS were collected between 25% and 35% sucrose and
washed once with HBSS (5 min, 2,000xg). ROS were collected in isolation medium and protein concentration was determined by Bradford (14) . 3 mg aliquots were frozen in liquid nitrogen and stored at -80 °C until further use. Data Analysis -For ICPL and SILAC experiments all acquired spectra were processed and analyzed using the MaxQuant software (19, 20 ions was set to 6 ppm. The mass tolerance for fragment ions was set to 0. (19, 20) . Subsequently, specific protein complex components were reliably distinguished from non-specific binders and contaminants by significant enrichment in the IP, compared to the control sample ( Figure 1a ).
Immunoprecipitation
As expected, we found different -tubulin subunits as the major components of the precipitated protein complex. Overall we identified and quantified 327 proteins (monoclonal -tubulin antibody) and 524 proteins (polyclonal -tubulin antibody), respectively, with a minimum of 2 identified peptides and 2 heavy/light counts (supplementary Tables S1 and S2 ). Most of the proteins were not significantly enriched and were equally abundant in both, the control and the IP sample. Therefore, these were considered as non-specific contaminants and background [12] ( Figure 1b and 1c) . We found a total of 10 proteins with significantly increased abundance ratios (p<0.01) in both experiments. Six of those are either -tubulin or -tubulin subunits, two are microtubule-associated proteins (22, 23) . The two remaining proteins DDX19B and RUVBL2
were not considered so far as tubulin interacting proteins (Table 1) .
As a proof of the accuracy and reliability of the ICPL-IP approach, we benchmarked our method to SILAC (4) (5) (6) (7) (8) . Table 2, supplementary Tables S3   to S7 ). All specifically enriched proteins have been previously described as either tubulin/microtubule-associated proteins or associated with its binary interactors. A comparison shows that 14 of the 17/18 significantly enriched proteins were identical for both labeling approaches ( Table 2, supplementary Table S7 ).
[13]
To challenge our ICPL-IP approach and to demonstrate the possibility also to compare the protein complex composition of two physiological states, enabled by applying triplex ICPLlabeling, we selected the low abundantly expressed small GTPase RhoA. This GTPase plays a key role in the regulation of actomyosin contractility. RhoA was shown to be expressed 12-times lower than -tubulins in bovine rod photoreceptor outer segments (ROS) (24) . To determine and compare RhoA-associated complexes, ROS were isolated from light-or dark-adapted bovine retinae, lyzed and equal amounts of protein lysate were used for either controls or IPs. Precipitation of RhoA was achieved by using a monoclonal antibody against RhoA, whereas controls were incubated with species-specific IgGs or an anti-GAPDH antibody as a nonspecific control antibody. Samples were treated the same as described for the -tubulin duplex ICPL-IP assay before, besides the fact that dark-or light-adapted retinae were used as protein source and that labeling was done in triplex settings. The light ICPL0 label was used either for C light or C dark , whereas ICPL6 (medium) was used for the IP light and ICPL10 (heavy) for the IP dark . With MS-derived peptide identification and quantification based on MaxQuant (19), specific protein complex components were reliably distinguished from non-specific binders as well as contaminants discriminated by significant enrichment in the IP compared to the corresponding control sample. IP light and IP dark were directly compared and differences in the protein complex composition in the light-versus dark-adapted state were analyzed. Overall 439 (IP light ) and 392
(IP dark ) proteins, respectively, could be identified and quantified (supplementary Table S8 ). Again Table 3, supplementary Table S8 ).
[15] further studies, beyond the scope of this manuscript would be necessary. The second candidate which was not described yet to be a -tubulin interacting protein, RUVBL2, is closely related and shares high sequence homology to RUVBL1 that is reported to be a tubulin interactor (27) .
The benchmark of the ICPL-IP to the SILAC-IP shows that it is at least comparable to SILAC as only in three (ICPL), respectively four (SILAC) significantly enriched proteins differ between the two experimental setups, all of which were described to be tubulin/microtubule interactors as well ( Figure 2c , Table 2, supplementary Table S7 ). Two (AIF, IRS4) of the three proteins, significantly enriched in the ICPL-IP only, were also detected in the SILAC-IP, although below the stringent significance threshold. The remaining protein (CGI-17) could not be identified and quantified with the SILAC approach. From the four proteins only significantly (p<0.01) enriched [16] with the SILAC-IP, three proteins (TUBB4, PCNA, TUFM) could not be quantified with ICPL, because the identified peptides are devoid of lysine and therefore not labeled. The fourth protein (RPL38) was found only in one out of three ICPL-IP experiments and was therefore filtered out by our stringent filter criteria. We identified the IRS4 as a specific -tubulin interactor by the ICPL-IP (p<0.01), whereas a previous study described -tubulin to be a contaminant in a nonquantitative IRS4-pulldown (28). Since we could not detect IRS4 as a specific tubulin interactor in our SILAC approach (p-value 0.052), the conclusiveness of the interaction still remains ambiguous.
Tubulins are highly abundant proteins and therefore not the most challenging targets. We therefore selected the low abundant small GTPase RhoA and immunoprecipitated its complexes from bovine photoreceptor outer segments. Preparation of immunoprecipitates from this specialized part of the photoreceptor cell is highly challenging as ROS are tightly packed with membranous discs and RhoA has to be solubilized out of the intermembraneous space.
Nevertheless, we were able to identify components of the RhoA-complex in ROS. The low abundance of RhoA resulted in an increased variability, given that we are working close to the limit of detection.
Generally, the family of Rho GTPases seems to be involved in the regulation of the cytoskeleton.
The activation of Rho leads to the assembly of contractile actin-myosin filaments and of associated focal adhesion complexes. The current hypothesis is that Rho family GTPases acts as a molecular switch to control a signal transduction pathway that links membrane receptors to the cytoskeleton (29) (30) (31) .
In addition to the known RhoA interactor rhodopsin (26) , structurally a membrane integral Gprotein coupled receptor, we were able to identify novel components of the RhoA-complex (Figure 3b and 3c, supplementary Table 8 ). These are for example RhoB and TAGLN3, which both are involved in actin organization and vesicle transport (32) (33) (34) (35) . As rhodopsin was [17] previously shown to be interconnected with RhoA and involved in actin cytoskeleton assembly and dynamics, both interactors strengthen the hypothesis that rhodopsin, besides its role of initiating the signal transduction of light that enables us to see, is involved in regulating outer segment structure via interaction with proteins regulating cytoskeletal dynamics.
STMN3, another interactor identified by the ICPL-IP of RhoA, further points to its role in regulating microtubular dynamics, as STMN3 was described, when activated, to sequester microtubular filaments (36, 37). Rab10 and Rab11, both previously identified as proteins expressed in photoreceptor outer segments, are likely to participate in vesicle trafficking along cytoskeletal routes (38) , as is KIF5C (39, 40) . These interactors indicate a potential role of RhoA in cytoskeletal reorganization in ROS.
Given, that RhoA was found to act downstream of the light receptor rhodopsin and to test, whether complex composition may be altered by light, we employed a triple ICPL-labeling strategy to detect and quantify eventual light-induced alterations within the RhoA-complex. As expected, the majority of the RhoA protein interactions are not affected by light (Figure 3d , Table   3, supplementary Table S8 ). However, the abundance of nine proteins (H1FNT, ZNF496, SPR, ATAD3A, RHOB, LRIT1, CAPZA2, SCG2, KIF5C) is significantly altered within the RhoAcomplex in reaction to light. Seven out of these nine proteins are involved in endocytic trafficking.
Despite its role in regulating the cytoskeleton, there is increasing evidence describing the Rho GTPase subfamily in several aspects of endocytic trafficking (41) . The endocytic system carries out specialized tasks in receptor recycling, degradation, cargo sorting and transporting. This is depending on a network of interacting proteins like the Rho GTPase family, actin and also on microtubules (42, 43) The light-induced alterations that we found within the RhoA-complex suggest that RhoA could be involved in light-induced endocytic-like processes, as most of the interactors which showed a light-induced alteration in binding to the RhoA-complex have been [18] described to be involved in endocytic processes or in the regulation of both, the actin and microtubulin cytoskeleton.
RhoB, for example, has been suggested to participate in regulating endosomal trafficking (34, 44) . Specifically, RhoB seems to recruit proteins to endosomes and apparently activates them (33) . Due to the high sequence homology between RhoA and RhoB (82% sequence homology) and as RhoA is reported to bind with itself (45) , an interaction between both proteins, as we could detect it, is likely to be true. CAPZA2 and SCG2, both play an active and essential role in assisting and even driving certain stages of the endocytic process, like the formation and movement of endocytic vesicles or participation in the vesicle sorting and packaging (46, 47) .
SPR might also be involved in endocytic processes; however, its involvement is rather indirect by regulating the levels of nitric oxide (48), which in turn has an impact on RhoA activity (49) .
The Kinesin family member KIF5C, a microtubule-based motor protein, is an example for the functional interplay between the actin and tubulin filament systems, as it is necessary for endocytic processes. While the C-terminal tail domain interacts with actin filaments, the motor domain of KIF5C binds to microtubules (39, 40) . Furthermore, we found a light-dependent binding of two proteins (H1FNT, ATAD3A) to the RhoA-complex, whose family members are known to be involved in microtubule dynamics and vesicle-mediated protein transport (50) (51) (52) .
The two remaining proteins (LRIT1, ZNF496) do not have any obvious connection to the above mentioned processes, although LRIT1 was discussed to be involved in phototransduction or photoreceptor morphogenesis and maintenance (53) . The outer segments of photoreceptors are continuously renewed and maintain a constant length through disc formation at their base and disc shedding at their tip. Due to the high rate of disc turnover in ROS (10% per day) (54), there is a need for constant renewal by the delivery of membrane components at the base of ROS. This is achieved by the transfer of membrane material and proteins to and along the connecting cilium and by an endocytic-like process that leads to the invagination and secession of membrane structures (54, 55) . RhoA seems to participate in these processes and the light- Plotted are log10 ratios (x-axis) and log10 intensities (y-axis) for each quantified protein.
Significantly enriched proteins in one of the two ICPL-IPs (green, p<0.01), non-specific binders (grey), and proteins significantly enriched in both case (red, p<0.01) are indicated (for details see Experimental Procedures and Table 1 ). ratios (x-axis) and log10 intensities (y-axis) for each protein quantified. Significantly enriched [25] proteins (p<0.01) found in common are plotted in green. Uniquely detected -tubulin complex components (p<0.01) for each approach are shown with black circles, non-specific binders in grey (for details see Experimental Procedures and Table 2 ). Table 3 and supplementary Table S8 ).
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